Abstract. We describe the design for a solid-state quantum computational architecture based on the integration of GHz-frequency mechanical resonators with Josephson phase qubits, which have the potential for demonstrating a variety of single-and multi-qubit operations critical to quantum computation. The computational qubits are eigenstates of large-area, current-biased Josephson junctions. Two or more qubits are capacitively coupled to a piezoelectric nanoelectromechanical disk resonator, which enables coherent coupling of the qubits. The integrated system is analogous to one or more few-level atoms (the Josephson junction qubits) in an electromagnetic cavity (the nanomechanical resonator). However, here we can individually tune the level spacing of the "atoms" and control their "electromagnetic" interaction strength. We show that quantum states prepared in a Josephson junction can be passed to the nanomechanical resonator and stored there, and then can be passed back to the original junction or transferred to another with high fidelity. The resonator can also be used to produce maximally entangled Bell states between a pair of Josephson junctions.
using other architectures, provided that there is enough coherence.
Several investigators have proposed the use of LC resonators [8] , superconducting cavities [9] , or other types of oscillators, to couple junctions together. Resonator-based coupling schemes, such as the one proposed here, have additional functionality resulting from the ability to tune the qubits relative to the resonator frequency, as well as to each other. By tuning the junctions in and out of resonance with the nanomechanical resonator, qubit states prepared in a junction can be passed to the resonator and stored there, and can later be passed back to the original junction or transferred to another junction with high fidelity. The resonator can also be used to produce controlled entangled states between a pair of junctions. The use of mechanical resonators to mediate multiqubit operations in junction-based quantum information processors has not (to the best of our knowledge) been considered previously, but our proposal builds on the interesting recent work by Armour et al. [10] and Irish et al. [11] .
Our implementation uses large-area current-biased Josephson junctions, with capacitance C and critical current I 0 , as shown in Fig. 1 . The largest relevant energy scale is the Josephson energy E J ≡hI 0 /2e, with charging energy E c ≡ (2e) 2 /2C ≪ E J . The dynamics of the phase difference δ is that of a particle of mass M =h 2 C/4e 2 moving in an effective potential U(δ ) ≡ −E J (cos δ + s δ ), where s ≡ I b /I 0 is the dimensionless bias current [12] . When 0 < s < 1, U(δ ) has metastable minima, separated from the continuum by a barrier of height ∆U, also shown in Fig. 1 . The small-oscillation plasma frequency is ω p = ω p0 (1 − s 2 ) 1/4 , with ω p0 = √ 2E J E c /h. The Hamiltonian for an isolated junction is H J = −E c d 2 /dδ 2 + U(δ ), with quasi-bound states in the minima with energies ε m . The lowest energy quasi-bound states |0 and |1 define the phase qubit, with ∆E ≡ ε 1 − ε 0 the level spacing. We focus here on a single resonator coupled to one and two junctions; extensions to larger systems will be addressed in future work. The basic two-junction circuit is shown in Fig. 2 . The disk-shaped element is the nanomechanical resonator, consisting of a piezoelectric crystal sandwiched between split metal electrodes, and the junctions are the crossed boxes.
The nanomechanical resonator is designed to have a fundamental thickness-resonance frequency ω 0 /2π of a few GHz, and a high quality factor Q. Piezoelectric dilatational resonators with frequencies in this range, and with room-temperature quality factors around 10 3 , have been fabricated from sputtered AlN [13] . We have performed RF network measurements down to 4.2 K for a similar piezoelectric 1.8 GHz resonator. The observed low-temperature Q of 3500 corresponds to an energy lifetime τ of more than 300 ns, sufficient for the operations described below. Upon cooling to 20 mK, the 1.8 GHz dilatational mode will be in the quantum regime, with a probability of thermally occupying the first excited (one-phonon) state of about 10 −2 . Using dilatational-phonon creation and annihilation operators, the resonator Hamiltonian is H res =hω 0 a † a.
An elastic strain in the resonator produces, through the piezoelectric effect, a charge q on the capacitor enclosing it, corresponding to a currentq. A model for a disk resonator of radius R and thickness b leads to q = C res (V − e 33 bU zz /ε 33 ), where C res = ε 33 πR 2 /b is the resonator capacitance, V the voltage across it, e 33 and ε 33 the relevant elements of the piezoelectric modulus and dielectric tensors, and U zz the spatially averaged strain. Strain induces an electric field E z = e 33 U zz /ε 33 in the piezoelectric, and a charge of magnitudẽ C res E z b on the electrodes, whereC res is a piezoelectrically-enhanced capacitance. The resonator adds the capacitanceC res in parallel with the junction capacitance, reducing the charging energy E c to 2e 2 /(C +C res ).
Quantizing the vibrational modes of the resonator in the presence of the appropriate mechanical and electrodynamic boundary conditions leads to a Hamiltonian for a single junction coupled to a resonator H = H J + H res + δ H, where δ H = −ig(a − a † )δ , and g is a real-valued coupling constant with dimensions of energy. The eigenstates of H J + H res are |mn ≡ |m J ⊗ |n res , with energies E mn = ε m +hω 0 n (n is the resonator phonon occupation number), and an arbitrary state can be expanded as |ψ(t) = ∑ mn c mn (t) e −iE mn t/h |mn .
We first show that we can pass a qubit state from a junction to the resonator and store it there, using the adiabatic approximation combined with the rotating-wave approximation (RWA) [16] . We assume that s changes slowly on the time scaleh/∆E, and work at zero temperature. From the RWA, neglecting population and phase relaxation, we obtain from the equations of motion for the coefficients c mn (t).
At time t = 0 we prepare the junction in the state α|0 J + β |1 J , leaving the resonator in the ground state |0 res . We then allow the junction and resonator to interact on resonance for a time interval ∆t = π/Ω 0 , where Ω 0 is the vacuum Rabi frequency. We then bring the systems out of resonance and the resonator is found to be in the same pure state, apart from expected phase factors. The junction state has actually been swapped with that of the resonator. We have also solved the exact equations numerically, including all quasi-bound junction states present. The initial state is |10 , corresponding to the case α = 0, β = 1. After 10 ns, the bias current is adiabatically changed to bring the qubit in resonance withhω 0 . The junction is held in resonance for half a Rabi period, and then detuned. s(t) has a trapezoidal shape with a crossover time of 0.5 ns. The storage operation is successful, and the magnitudes of the final probability amplitudes, are extremely close to the desired RWA values. The phases of the c mn after storage, however, are not correctly given by the RWA unless g/∆E is much smaller.
To transfer a qubit state α|0 + β |1 between two junctions, the state is loaded into the first junction and the bias current s 1 adjusted to bring that junction into resonance with the resonator for half a Rabi period. This stores the junction state in the resonator. After the first junction is taken out of resonance, the second one is brought into resonance for half a Rabi period, passing the state to the second junction. We have simulated this operation, assuming two identical junctions as in Fig. 2 . Our results are shown in Fig. 3 , where c m 1 m 2 n is the probability amplitude to find the system in the state |m 1 m 2 n , with m 1 and m 2 labelling the states of the two junctions and n the phonon occupation number of the resonator.
Finally, we can prepare an entangled state of two junctions connected to a common resonator by bringing the first junction into resonance with the resonator for one-quarter of a Rabi period, which produces the state (|100 + |001 )/ √ 2. After bringing the second junction into resonance for half a Rabi period, the state of the resonator and second junction are swapped as |001 → −|010 , leaving the system in the state (|100 − |010 )/ √ 2, where the resonator is in the ground state and the junctions are maximally entangled. Our simulations of this operation, the results of which are presented in Fig. 4 , demonstrate successful entanglement with a fidelity of 95%. The system parameters are the same as in Fig. 3 .
The quantum-information-processing operations described here require a minimum coherence time of order 100 ns, a time already demonstrated in the phase qubit. More extensive operations could be performed with a coherence time of a few hundred nanoseconds, which have recently been achieved in the phase qubit [20] . The mechanical resonator must also achieve similar coherence times; using standard results for the coherence time of a particle coupled to a dissipative environment [21] , we estimate the quantum coherence time of an n-phonon state to be the lesser of τ ≈hQ/k B T (n + 1/2) and the energy decay lifetime Q/ω 0 . At 20 mK, the |1 state of our resonator is determined by the decay lifetime, which for Q ≈ 3500 is about 300 ns.
